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CHAPTER I 
INTRODUCTION 
Biological membranes play a fundamental role in processes 
associated with life. They provide physical and biochemical compart-
mentalization, regions for organization of energy transduction mechan-
isms, sites for enzymatic reactions, and selective transport of meta-
bolites. In our present work we are interested in the effect of different 
pesticides on the charge transport properties of membranes. 
The major constituents of biological membranes are protein and 
lipid, the latter being mainly comprised of phospholipid and choles-
terol. A characteristic feature of lipid molecules is that they have 
two regions with different properties: a polar head with uneven electron 
density distribution, and a nonpolar tail consisting of hydrocarbon 
chains with more or less uniform electron density distribution (Fig. 1). 
It is this property which determines the orientation of lipid molecules 
when in contact with an aqueous solvent. As would be expected, the 
minimum energy configuration is one in which the contact between polar 
and nonpolar constituents is at a minimum. This corresponds to a bi-
layer, with the hydrocarbon chains of the lipid molecules in close con-
tact, and the polar regions in contact with the aqueous phase. Indeed, 
recent X-ray diffraction studies indicate that all biological membranes 
are bilayers, regardless of their specific function (1). The arrangement 
of lipid tn0lecules as a bilayer in an aqueous medium is shown in Fig. 2. 
2 
LECITHIN CHOLESTEROL 
Fig. 1 Molecular models of lecithin and cholesterol. 
Since the discovery of Mueller, Rudin, Tien, and Wescott (2) that 
relatively stable lipid bilayer membranes could be formed in vitro, 
these structures have been extensively studied as models for biological 
membranes. These artificial membranes resemble the structure of bio-
logical membranes in thickness and in dielectric constant. Because 
of the absence of complicated compounds such as proteins, the artificial 
membrane allows a more direct investigation of the mechanism of penetra-
tion of ions through lipid structures by measuring its electrical 
characteristics. 
AQUEOUS 
SOLUTION 
POLAR HEAD/ 
BIMOLECULAR 
MEMBRANE 
AQUEOUS 
SOLUTION 
HYDROCARBON CHAINS 
Fig. 2. Arangement of phospholipid molecules in bilayer membrane. 
One of the most easily measurable properties of the lipid bilayer 
3 
membrane is the DC conductivity of the membranes in aqueous electrolytic 
solutions. The electrical conductivity of an unmodified lipid bilayer 
is very small. · This is because .the membrane is not very permeable to 
+ - + -ions such as H , OH , K , and Cl • The low conductivity can be 
explained by considering the difference in self energy of the ions in 
high and low dielectric medium. The self energy of an ion represented 
as a conductive sphere with charge q and radius R in a medium of 
dielectric constant e:, is given by 
E = 
2 q 1 
81Te: R e: 
0 
(1) 
Therefore the extra energy which is required to transfer an ion from a 
medium with high dielectric constant e , such as water, into a less 
w 
polarizable medium € , such as lipid membrane can be written as 
m 
q2 1 1 
bE = 81fe R {-€- - £ ) 
o m w 
(2) 
Since the energy difference is inversely proportional to the 
radius of the ion, the energy barrier for ions with a small radius is 
higher than that for large ionic molecules. For example, an ion like 
tetraphenyl borate which has excess electron charge distributed over 
four benzene rings, enters or partitions more easily into lipids than 
+ + H or Na • In fact, it has been found that the electrical conductivity 
4 
of the membrane is increased by many orders of magnitude in the presence 
of these large lipid soluble molecular ions (3). 
Antibiotics are a class of substances which have been studied 
extensively by means of the measurement of electrical conductivity of 
bilayer lipid membranes. Examples are nonactin and valinomycin. It 
has been found that the membrane conductivity is enhanced markedly when 
+ + these substances and the alkali cations such as K and Na are present 
in the aqueous electrolytic solution (4,5). It has been concluded that 
these lipid soluble molecules act as carriers for the membrane impermeable 
alkali ions. 
Since the chemi-osmotic hypothesis has been put forward by 
Mitchell, great attention has been paid to the studies of the action of 
uncoupling agents of oxidative phosphorylation on artificial bilayer 
membranes. According to this hypothesis, uncouplers increase the proton 
5 
permeability of the mitochondrial membranes, thus preventing the 
formation of the pH gradient which is postulated to be the driving force 
for the synthesis of ATP from ADP and phosphate. This aspect of 
Mitchell's hypothesis has been tested by experiments with lipid bilayer 
membranes. The membrane conductivity has been observed to increase by 
several orders of magnitude in the presence of small amounts of these 
uncouplers. From these studies it has been concluded that the 
uncouplers enhance the membrane conductivity by means of helping the 
+ impermeable H ions to penetrate the membrane (6); in other words, the 
uncouplers act as proton carriers. This is in agreement with Mitchell's 
chemi-osmotic hypothesis-. 
It has been found that the conductivity of lipid bilayer membranes 
increases with uncoupler concentration and is pH dependent, showing a 
maximum at a certain pH value. Uncouplers are now classified according 
to the dependence of conductance upon their concentration in the 
aqueous solution. A class I uncoupler is one which exhibits a linear 
dependence of membrane conductivity with uncoupler concentration, and 
a class II uncoupler exhibits quadratic dependence. LeBlanc pointed 
out that there should be at least two mechanisms of charge transport 
to account for the two different classes of uncouplers (7). 
Several hypotheses have been proposed to explain the mechanism by 
which the electrical conductivity of the membrane is increased in the 
presence of uncouplers of oxidative phosphorylation: (a) Proton Transfer 
Mechanism, proposed by Markin et al. (8), (b) Relay Mechanism, proposed 
by Chizmadzhev et al. (9) '· (c) Proton Carrier Mechanism, first proposed 
by Markin et al. (8,10), and further developed by LeBlanc (7), and 
6 
(d) Dimer Transport Mechanism, proposed independently by Lea and Croghan 
(11) and by Finkelstein (12). The last one is particualrly applied to 
class II uncouplers. 
Proton Transfer Mechanism. 
aqueous 
solution 
~ 
l 
I 
HA 
membrane 
aqueous 
solution 
Fig. 3. Schematic representation of mechanism of direct transfer 
of protons across the membrane. 
· In this model, the uncoupler anion A adsorbed at the membrane 
surface combines with a proton from the aqueous phase and thus enables 
the proton to penetrate through the interface into the membrane hydro-
carbon region (Fig. 3). Within the membrane the proton is assumed to 
dissociate again and migrate across the membrane to the opposite inter-
face where it is expelled by means of a similar mechanism. According 
to this model, the conductivity should increase monotonically with the 
proton concentration: thus existence of a conductivity maximum at a 
certain pH of the aqueous phase can not be explained. 
Relay Mechanism. 
aqueous 
solution membrane 
aqueous 
solution 
Fig. 4. Scheme of ion transfer across the membrane according to 
the relay transfer mechanism. 
Here it is assumed that in the membrane there are molecules or 
groups forming a chain of sites across the membrane which can form 
complexes with the membrane permeable ions (Fig. 4). The ions from the 
solution strike the site present at the surface and then move under the 
action of the field, along the chain by jumping from one site to the 
other. Although this theory can predict correctly the pH dependence 
of membrane conductivity, it is unable to explain the concentration 
dependence of the conductivity for different classes of uncouplers. 
Proton Carrier Mechanism. 
The uncoupler anion A- at one membrane boundary, links up with 
+ proton H from the solution, diffuses in the neutral form across the 
membrane, and releases the proton into the opposite solution. This 
anion A- then moves back to the first boundary, completing the cycle 
7 
A- A-
H+ f t H+ 0 0 
f t 
aqueous HA HA aqueous 
solution membrane solution 
Fig. 5. Scheme of proton carrier mechanism for class I uncouplers. 
(Fig. 5). With this model, the occurrence of a conductivity maximum 
at a certain pH of the aqueous solution can be explained, and the 
dependence of the conductivity on the concentration of the membrane 
modifier is linear. This model has been found suitable for class I 
uncouplers such as carbonylcyanide m-chlorophenylhydrazone (CCCP) (7). 
Dimer Transport Mechanism. 
The basic feature of this model is that the membrane permeable 
ion is a dimer HA2-. The model predicts the quadratic concentration 
dependence of conductivity, thus it was proposed to explain the 
properties of class II uncouplers. Another important feature that has 
been observed is the "bell shaped" pH dependence of conductivity which 
can be simply explained by the pH dependence of neutral and anionic 
form of the uncoupler. The end result of this mechanism is a transfer 
of protons from one side of the membrane to the other (Fig. 6). 
8 
aqueous 
solution 
HA HA 
t f 
! • A-~HAj ... HA--{ 2 .
HA HA 
membrane 
aqueous 
solution 
9 
Fig. 6. Scheme of Dimer Transport Mechanism for Class II Uncouplers 
Since the toxicity of some pesticides has its origin in uncoupling 
oxidative phosphorylation from ATP synthesis, we have selected some · 
pesticides to investigate their effect on DC conductivity of lecithin-
cholesterol lipid membranes. They are endothall, paraquat, and diquat, 
and a series of phenoxy compounds, which are 2,4-dichlorophenoxy acetic 
acid (2,4-D), 2,4-dichlorophenoxy butyric acid (2,4-DB), 2,4,5-
trichlorophenoxy acetic acid (2,4,5-T), and 2,4-dichlorophenol (2,4-DCP). 
Endothall 
H 
H 
H 
COOH 
10 
Endothall, 7-oxabicyclo (2.2.1) heptane-2,3-dicarboxylic acid, ia 
a ring structured, water soluble compound which is used as a general 
purpose herbicide and as an aquatic weed herbicide (13, 14). The 
herbicidal action of this compound is not well defined since little 
is known of its metabolism in plants. As this molecule possesses two 
ionizable carboxyl groups (-COOR), we were interested in investigating 
the permeability of endothall ions across the lipid bilayer membranes. · 
Paraquat and Diquat 
2+ 
Paraquat dichloride 
2+ 
Diquat dibromide 
Paraquat, !,!'-dimethyl -4,4'-bit>yridinium ion, and diquat, 
6,7 dihydrodipyrido (l,2-a:2',l'-c) pyrazinedium ion, are known as 
bipyridylium herbicides, and are used as general contact weed control 
agents (15). The main herbicidal activity of these compounds is by 
producing free radicals (which are .toxic to plants) formed by electron 
transfer during photosynthesis (16,17). Since -these compounds form 
cations in solution and also because their activity is related to the 
electron transport, we were 'interested in their effect on electrical 
conductivity. 
2,4-D, 2,4-DB, 2,4,5-T, and 2,4-DCP 
11 
O-CH2-COOH 
'/"' I Cl 
-(CH2J3-COOH 
'/"' I Cl 
2,4-D 2,4-DB 
OH 
Cl I -
2,4,5-T 2 ,4-DCP 
12 
2,4-dichlorophenoxy acetic acid (2,4-D), 2,4-dichlorophenoxy 
butyric acid (2,4-DB), and 2,4-trichlorophenoxy acetic acid (2,4,5-T), 
are classified as pehnoxy compounds and have a wide herbicidal action. 
They have been known to act as uncouplers of oxidative phosphorylation 
(18), and as compounds that unbalance the hormonal growth (19). Their 
presence affects synthesis of different kinds of proteins (20); some 
affect photosynthesis (21). For its structural similarity we also 
include 2,4-dichlorophenol (2,4-DCP) into this group. This compound is 
also known to be an uncoupling agent of oxidative phosphorylation (22). 
Therefore it is of interest to know the effect of these substances on the 
electrical conductivity of lipid bilayer membranes assuming that better 
understanding of charge translocation will contribute to elucidating 
their pesticidal activity on a molecular level. 
CHAPTER II 
EXPERIMENTAL METHODS 
1. Materials: 
The chromatographically pure lecithin used to form the membrane 
was from fresh chicken egg yolks and purified by Dr. Kwan Hsu using the 
method of Singleton et al. (23) with some modifications (24). The lipid 
was stored in chloroform solution under nitrogen atmosphere in sealed 
ampoules at -15°C until use. Recrystalized cholesterol was a gift from 
Dr. David McClure of the Chemistry Department. Endothall (99.99% pure) 
was obtained from Penwalt Corporation, Tacoma, Wash. Ortho paraquat and 
diquat from Chevron Company, San Francisco, Cal. were 100% pure. 2,4-
dichlorophenoxy acetic acid (2,4-D), (purity 99%) and 2,4,5-trichloro-
phenoxy acetic acid (2,4,5-T), (purity 99%+) were received from Dow 
Chemical Company, Midland, Mich. and 2,4-dichlorophenoxy butyric acid 
(purity 99.4%) was from Chapman Division of Rhodia Inc., Portland, OR. 
2,4-dichlorophenol (2,4-DCP) was purchased from Aldrich Company and was 
repurified by sublimation method. Purity of this compound was judged 
from its melting point,by comparing its UV spectra with those given by 
Lang (25), and from its infra-red spectra (26). Nonactin was a gift from 
Squibb Institute of Medical Research. N-decane was purchased from 
Aldrich Chemical Company, Milwaukee, Wis. 
The membrane forming solutiQn was prepared by dissolving weighed 
amounts of lecithin and cholesterol in n-decane. The lecithin concen-
tration was kept around 5mM and the cholesterol mole fraction used was 
-4 0.8. The electrolytic solution contained 0.1 M KCl, 5 x 10 M KOH and 
buffer composed of potassium dibasic phosphate, potassium citrate and 
boric acid in the ratio 1:1:0.25 (0.2 M/0.2 M/0.05 M). Unless stated, 
these data represent the salt composition of the aqueous solution. 
-3 Stock solutions of pesticides were prepared in 10 M KOH. Buffer, KCl 
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and pesticides were mixed in appropriate ratios to get the final concen-
tration required and were titrated with KOH or LiOH or HCl to adjust to 
the necessary pH. The pH of the solution was determined with a Corning 
model 7 pH meter. For the nonactin experiments, stock nonactin solution 
-3 
was prepared at about 10 M in EtOH and kept in the refrigerator in a 
dark bottle. An appropriate amount of nonactin in ethyl alcohol solution 
was added to the pesticide solution; the volume of ethanol was about 
0.5% of the total fluid. Deionized distilled water from a millipore Q2 
system,. with resistivity exceeding 10 M ohm-cm, was used in the prepara-
tion. All the required electrolytic solutions, with or without pesti-
cide, were made fresh every day from their stock solutions. 
2. Experimental Set Up 
The experimental set up shown in Fig. 7, consists of two main 
parts: the electrolyte filled cell with the artificial membrane and the 
electric circuit used to apply and measure the current and the voltage 
across the membrane. 
The lecithin-cholesterol membrane was formed over a hole with a 
diameter of 1.925 mm in a cylindrical teflon cup situated in a transpar-
ent rectangular container. Thus the cell consisted of two compartments 
with the electrolytic solution separated by the membrane. Two different 
RECORDER 
-----t PICOAMMETER . 
DIGITAL 
VOLTMETER 
-• 
KCl-Agar 
BRIDGE 
TEFLON SEPTUM 
MEMBRANE 
ELECTROLYTE 
SOLUTION ELECTRODE 
Figure 7. Experimental set up for measurements of DC conductance 
of lipid membranes. 
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kinds of electrodes were used: fiber tip calomel (Corning Science Pro-
ducts, Corning, N.Y.) and Ag/AgCl (Annex Instruments, Santa Ana, Calif.). 
To prevent contamination of electrodes with pesticides, the electrodes 
were connected to the cell solutions by means of KC! saturated agar 
bridges. The resistance of calomel electrodes is of the order of 10 KQ, 
the resistance of the bridges is about 2 KQ. When the resistance of the 
membranes became comparable with the internal resistance of the calomel 
electrodes, ~g/AgCl electrodes were used whose resistance was of the 
order of 10 ohms. 
The electrical circuit consisted of a Keithley Picoammeter Model 
417, a digital voltmeter, a chart recorder and a potentiometer circuit 
to apply a voltage across the membrane. 
3. Membrane Formation 
Membranes were formed by the brush technique (27), using sable 
brush (size 000, and 0000) to spread the membrane forming solution over 
the hole in the wall of the teflon cup immersed in the electrolyte 
solution. In all the conductivity measurements, membranes were formed 
in the electrolytic solution with or without the pesticide or nonactin. 
For cleaning, the cell was boiled in 95% ethanol containing sodium 
hydroxide pellets and rinsed. several times with deionized water. 
Several coatings of membrane forming solution were applied to the dry 
cell surface around the orifice, as well as on the edge, until an even 
reflecting surface was formed. Between successive coatings the solution 
was blown dry with nitrogen. When the cell was well prepared, the 
membrane lasted more than three hours. 
The progress of thinning of the membrane was observed in reflected 
light through a microscope. In order to reduce the equilibration time 
and fluctuations of membrane area from membrane to membrane, the thick-
ness of the torus was kept small by using minimal amounts of membrane 
forming solution to paint the membrane. Also the level of fluid in the 
cell was kept no more than 2-3 nun above the hole to minimize the hydro-
static pressure difference between the cell compartments due to the 
displacement of some of the electrolytic solution by the paint brush. 
4. Electrical Measurements 
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The current-voltage data were taken after the membrane became black 
and the conductivity reached a constant level. With phenoxy compounds 
in the system the conductivity varied with time between upper and lower 
limits. This was judged from monitoring the current either continuously 
or interm1.ttently at a voltage of about 25 mV applied across the membrane. 
Current-voltage data were taken when the current stabilized at some 
intermediate value. All the measurements were carried out at temperatures 
between 22°C and 23°C. 
Each data point shown in the figures represent an average value 
obtained from at least four different membranes; the error bar denotes 
one standard deviation. The specific conductance was calculated from the 
area of the hole; therefore, the values given in the figures represent 
the lower limits. Corrections for background membrane conductance 
were made when necessary. 
CHAPTER III 
EXPERIMENTAL RESULTS 
A. Exploratory Experiments with Endothall, Paraquat and Diquat 
Al. Pesticide-induced Membrane Conductivity 
(a) Endothall. The current-voltage characteristics of lipid bilayer 
membranes were measured in the presence of endothall in the aqueous 
solution. Endothall concentration varied from zero to 50mM and pH from 
4 to 7. In this pH range endothall dissociated first to the singly 
ionized form and finally to the doubly ionized form, since the endothall 
dissociation parameters are pK1 = 3.4 and pK2 = 6.75 (28). Under these 
conditions endothall did not induce electrical conductivity in lipid 
membranes. 
(b) Paraquat and Diquat. Paraquat and diquat are water soluble organic 
salts which at neutral pH dissociate into positive and negative ions. 
Conductivity measurements were performed at pH 6 and with concentrations 
from zero up to lOOmM. No significant increase of membrane conductivity 
was observed. 
From these measurements it can be concluded that the lipid bilayer 
membrane is essentially impermeable to the ionic form of endothall, 
paraquat and diquat. 
A2. Effect of Endothall, Paraquat and Diquat on Nonactin-induced 
Membrane Conductivity 
Although it was found that the membrane is not permeable to the 
ionized form of these pesticides, it is possible that a change of 
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membrane surface charge, due to adsorption of ionized pesticide molecules, 
may effect the transport of other ions across the membrane. It is known 
that the nonactin-induced conductivity is due to transport of the 
+ nonactin-K complex across the membrane. It is expected therefore, on 
the basis of results reported by other investigators (29-32), that in 
the presence of a negative charge at the membrane surface the nonactin-
induced membrane conductivity would increase. Similarly, for a positive 
membrane surface charge, the conductivity would decrease (see section on 
surface charge). To test whether the membrane surface potential changes 
in the presence of endothall, paraquat or diquat, nonactin-induced 
membrane conductance was measured in their presence. The experiments 
were done at pH 6 with nonactin concentration at 3.SµM. In order to 
facilitate the development of greater surface potential due to the 
adsorbed pesticide related ions, the buffer concentration was lowered by 
a factor of 10 as compared to that used in the pesticide-induced conduc-
tivity measurements. The nonactin-induced membrane conductivity was 
measured in the absence and in the presence of pesticide in the aqueous 
phase. For endothall the concentration used was lOmM, for paraquat it 
was lOOmM and for diquat it was also lOOmM. No significant change of 
nonactin-induced conductance was observed in the presence of each 
pesticide. This indicates that the ionized form of the above pesticides 
does not adsorb at the membrane surface. 
B. Experiments with 2,4-D, 2,4-DB, 2,4,5-T, and 2,4-DCP 
BL Effect of Proton Concentration on the Pesticide-induced Membrane 
Conductivity 
The experimental results giving the dependence of the membrane 
conductance on the pH of the aqueous phase are plotted in Figs. 8-11. 
Each data point represents the average value of conductance calculated 
from the current at a voltage of 25mV applied to the membrane. In 
these studies the concentration of pesticide was chosen in such a way 
that pesticide precipitation did not occur at the lower pH used in the 
study. The following concentrations were used: 2,4-D (lmM), 
2,4-DB (O.lmM), 2,4,5-T (O.lmM), and 2,4-DCP (0.4mM). Typically, 
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the high pesticide-induced conductivity in each run was about 1000 times 
greater than the membrane background conductivity. 
For the phenoxy compounds, 2,4-D, 2,4-DB and 2,4,5-T, the highest 
conductivity was observed at low pH; that is, at high proton concentra-
tion in the aqueous phase. As the pH is increased, the membrane conduc-
tivity drops (Figs. 8-10). For 2,4-DCP, however, a maximum conductance 
is observed between pH 8 and 8.5 (Fig. 11). At low pH a plateau is 
-6 2 
observed between pH 4 and 6 at the conductance level of 4 x 10 mho/cm • 
Table I gives a list of pK values of the above pesticides. The 
experimental results show that a high membrane conductance occurs when 
the pH of the aqueous solution is close to the pK value of each pesticide. 
B2. Concentration Dependence of Pesticide-induced Conductivity 
Studies of the concentration dependence of induced conductivity 
are of considerable interest; since from their results, it is possible 
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Figure 8. pH dependence of conductivity of lecithin-cholesterol 
lipid membranes in the presence of 1 mM of 2,4-D in the aqueous 
· solution. 
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Figure 9. pH dependence of conductivity of lecithin-cholesterol 
lipid membranes in the presence of 0.1 mM · 2,4-DB in the aqueous 
solution. 
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to arrive at some insight into the kineti_cs of formation and the mole-
cular structure of the membrane permeable ions. 
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These studies were done at a pH greater than the pK of the 
corresponding compounds, for two reasons. First, the water solubility · 
of these pesticides generally increases with increasing pH; under these 
conditions it is thus possible to cover a wider concentration range. 
Second, the experimental results reported for dinitrophenol (33) and 
pentachlorophenol (24) indicate that the concentration dependence of 
membrane conductivity reveals the presence of the membrane surface charge 
at pH > pK • . 
TABLE I 
DISSOCIATION PROPERTIES OF STUDIED PESTICIDES 
Compound 
2,4-D 
2,4-DB 
2,4,5-T 
2,4-DCP 
~ 
2. 73 
2~63 
2.80 
3.31 
4.58 
2 . 88 
3.14 
7.80 
7.80 
Reference 
(34) 
(35) 
(35) 
(35) 
(35) 
(34) 
(35) 
(36) 
(37) 
The experimental results are shown in Figs . 12-15 where the log 
of membrane conductance was plotted vs the log of pesticide concentra-
tion. The data indicate that in the first approximation the pesticide-
induced membrane conductance is related to the pesticide concentration 
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Figure 12. Effect of concentration of 2,4~D at pH 2.7 on membrane 
conductance. 
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n according to a power law G oc c , where the exponent n is a constant. 
In all cases, with the exception of 2,4-DB, the value of n is very 
close to two. For 2,4-DB the value of n is between two and three. 
BJ. Voltage Dependence of Pesticide-induced Membrane Conductivity 
as a Function of Pesticide Concentration and pH 
The current-voltage curves reveal that the membrane conductance 
increases with the applied voltage. In addition, the curvature of the 
current-voltage curves shows some dependence both on pH of the aqueous 
phase and on the pesticide concentration. This effect was studied in 
detail for 2,4-DCP. The experimental results are presented in Figs. 16 
and 17 where G(U)/G(25mV), i.e. the membrane conductance at voltage 
U normalized to membrane conductance at 25 mV, is plotted vs the 
applied voltage U. Fig. 16 shows the effect of pH on the voltage 
dependence of membrane conductivity. The curvature increases with 
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increasing pH; that is, at high pH when the proton concentration is low, 
the conductance is more strongly voltage dependent. Fig. 17 illus.trates 
the effect of pesticide concentration. In this case, the membrane 
conductance is more voltage dependent at lower concentrations of 
pesticide. 
B4. Effect of Pesticides on the Nonactin-induced Membrane Conductivity 
To investigate the charging effect of the membrane by the ions 
in the solution, nonactin was used as a probe. The experiments with 
the phenoxy compounds were done at a pH value in the neighborhood of 
the conductivity maximum for each compound. Since the ·pH range chosen 
varied between 1.0 and 10.5, a control experiment was performed to test 
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Figure 16. Effect of proton concentration in the aqueous solution 
on the voltage dependence of membrane conductance for 0.4 mM 
2,4-DCP. Membrane conductance is normalized to that at 25 mV. 
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Figure 17. Effect of concentration of 2,4-DCP on the voltage 
dependence of membrane conductance. at pH 9.5; Membrane conductance 
is normalized to that at 25 mV. 
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whether the nonactin-induced conductivity was pH dependent. In this 
. -6 
experiment, the aqueous solution contained 3.9 x 10 M of nonactin and 
0.2 M KCl. The buffer concentration was reduced to 0.002 M/0.002 M/ 
0.0005M, so that the potassium concentration was primarily determined 
by the concentration of KCl. and not varied significantly due to the 
ionization of the buffer constituents. The experimental results of 
such a study are shown in Fig. 18, from which it was concluded that the 
nonactiri-induced conductivity is essentially independent of pH. This 
means (a) that the membrane surface remains electrically neutral within 
the experimental pH range, and (b) · that nonactin does not significantly 
degrade within the time necessary for completing the experiment. 
The effect of pesticides on nonactin-induced membrane conductivity 
is illustrated in Figs. 19-22. In these experiments the nonactin 
-6 
concentration was about 3 x 10 M, the salt composition of the 
electrolyte as well as its pH value was the same as in the measurements 
of concentration dependence of the pesticide-induced membrane conduc-
tivity. ~o sets of data are shown in each figure. The lower ·set . 
represents the concen~ration dependence of pesticide-induced membrane 
conductivity, and the upper set represents the .dependence of the 
nonactin-induced conductivity on pesticide concentration. The broken 
horizontal line in the middle of each figure indicates the level of 
nonactin-induced membrane conductivity in the absence of pesticide. 
The notable feature of these results is that the membrane conductance 
in the presence of nonactin and pesticide fogether is .much greater than 
the sum of the conductance due . to nonactin and pesticide alone • 
. To get some insight into the effect described in the preceding 
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. + Figure 18. Nonactin-K - induced membrane conductivity as a 
function of pH in the absence of pesticides. Nonactin 
concentration was 3.9 µM; KCl, 0.2 M; and buffer, 0~002M/0.002M/ 
0.0005M. 
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Figure 19. · The effect of presence of 2,4-D on the conductivity in-
duced by nonactin-K+ complex at pH 2. 7. Nonact,in concentration was 
3.5 µM; KCl, 0.1; buffer, 0.2 M/0.2 M/0.05 M. The horizontal 
broken line represents the nonactin-K conductivity at 25 mV in the 
absenGe of 2,4-D. Triangles - membrane conductance at 25 mV due to 
the pesticide. Circles - nonactin-induced conductance in the 
presence of pesticide in the aqueous phase. 
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Figure 20. The effect of presence of 2,4-DB on the conductivity 
induced by nonactin-K+ complex at pH 5.0. Noriactin concentration 
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was 3.5 µM; KCl, 0.1 M; buffer, 0.2 M/ 0.2 M/ 0.05 M. The horizontal 
broken line represents the nonactin-K+ conductivity at 25 mV in the 
absence of 2,4-DB. Triangles - membrane conductance at 25 mV due to 
the pesticide. Circles - nonactin-induced conductance in · the 
presence of pesticide in the aqueous phase. 
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Figure 21. The effect of presence of 2,4,5-T on the conductivity 
induced by nonactin-K+ complex at pH 2.4. Nonactin concentration 
was 3.5 µM; KCl, 0.1 M; buffer, 0.2 M/ 0.2 M/0.05 M. The horizontal 
broken line represents the nonactin-1(+ conductivity at 25 mV in the 
absence of 2,4,5-T. Triangles - membrane. conductance at 25 mV due 
to the _pesticide. Circles - nonactin-inducedconductance in the 
presence of pesticide in the aqueous phase. 
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Figure 22. The effect of presence of 2,4-DCP on the conductivity 
induced by nonactin-~ complex at pH 9.5. Nonactin concentration 
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was 3.5 µM; KCl, 0.1 M; buffer , 0.2 M/ 0.2 M/ 0.05 M. The horizontal 
broken line represents ·the nonactin-1(+ conductivity at . 25 mV in the 
absence of 2,4-DCP. Triangles - membrane conductance at 25 mV .due 
to the pesticide. Circles - nonactin-induced conductance in the 
presence ·of pesticide in: the aqueous phase. 
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section, another set of experiments was designed to study the effect of 
ionic strength of the aqueous solution on the pesticide enhancement of 
nonactin-induced membrane conductivity. To control the level of ionic 
strength, LiCl was used because nonactin does not bind significantly 
with lithium ions; it does with potassium ions _(38). Two sets of 
measurements of nonactin-induced membrane conductivity were done at 
different concentrations of 2,4-D; one for low, and another for high 
ionic strength of aqueous solution. For low ionic strength, 0.05 M KC! 
was used, while for high ionic strength 0 ~ 45 M LiCl with 0.05 M KC! 
were used. Because it was necessary that the ionic strength be determined 
by KC! and by LiCl, the buffer concentration was reduced to 0.0002 M/ 
0.00002 M/0.00005M. Experiments were done at pH 2.7 with nonactin 
-6 
concentration at 3.9 x 10 M. As the experimental results in. Fig. 23 
indicate, there is no significant difference in the nonactin-induced 
conductivity at these levels of ionic strength. 
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Figure 23. Effect of ionic strength of the aqueous solution on the 
level of nonactin-induced conductivity (at 25 mV) enhanced by the 
presence of 2,4-D. Triangles represent induced conductance at 
low ionic strength case, 0.05 M KCl; circles represent the high 
ionfc strength case, KCl 0.05 M and LiCl 0.45 M. Nonactin 
concentration was 3.9 ~M buffer, 0.0002 M/ 0.0002 M/ 0.00005 M. 
· CHAPTER IV 
DISCUSSION 
A. Exploratory Experiments with Endothall, Paraquat and Diquat 
Membrane conductivity measurements have indicated that the 
ionized forms of endothall, paraquat and diquat are membrane imperme-
able. This "impermeability" is primarily due to the low density of these 
ions in the hydrocarbon region of the lipid bilayer. In general, the 
distribution coefficient of ions between the membrane and the water 
phase is proportional to the Boltzmann factor exp (- t.E /kT) where t.E 
is the difference in the ion self energy between the membrane and the 
water phase. For a charged sphere of radius R the potential energy 
difference is given by Eq. (2), 
2 q 
t.E · = ----8IIe: R 
0 
( 1 1 ) 
-- - ·--
e: e: 
m w 
where typically, e: = 3 and e: = 80. 
m w 
In case of endothall, · the negative ·charge .is located at the 
0 
carboxyl group -COO-. Thus the radius R is expected to be about 2-3 A 
which results in t.E of about 0.92 eV. It appears that the excess 
charge delocalization in .the ion is one of the major factors determining 
the membrane permeability. For example, the membrane permeable negative 
ion of tetraphenyl borate (3) has the excess electron density 
distributed over four benzene rings. This should result in a large 
effective ion radius R, and therefore in considerably smaller potential 
energy difference 6E •. 
In the case of paraquat and diquat ions the excess charge is, to 
some degree, spread in the heterocyclic rings. However, these species 
carry a positive charge of 2e and since the potential difference 6E is 
proportional to the square of the ion charge, the limited ion delocali-
zation is apparently insufficient to offset the effect of double 
charge. In this case the value of 6E is sufficiently large to prevent 
observation of membrane conductivity due to paraquat and diquat ions. 
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Meas~rements of nonactin-induced membrane conductivity have 
indicated that there is no detectable evidence for membrane surface 
charge caused by endothall, paraquat and diquat. Apparently the van der 
Waal interaction between the ions and the membrane head groups is not 
sufficiently strong to cause ion adsorption at the membrane surface. 
B. Experiments with 2,4-D, 2,4-DB, 2,4,5-T, and 2,4-DCP 
In contrast, these compounds induce electrical conductivity in 
lipid bilayers; in addition, they adsorb at the membrane s urface in 
quantities that are sufficient to change the membrane surface potential 
significantly. Apparently the above mentioned energetic conditions are 
met so that a sufficiently large density of these pesticides in ionized 
form exists in the membrane interior. Since these compounds also act as 
uncouplers of oxidative phosphorylation, discussion of the experimental 
results will be based on the existing theories proposed to explain the 
membrane conductivity due to uncouplers. 
According to the dependence of uncoupler-induced membrane 
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conductivity on the bulk concentration of the substance, uncouplers can 
be categorized into two classes. The features of class I uncouplers 
are: (a) the direct proportionality of the membrane conductance (b) the 
saturation effects of the current-voltage curves and (c) the occurrence 
of the conductivity maximum on the alkaline side of the pK of the 
uncoupler. None of the substances which have been studied show any of 
these. properties. Since the molecular structure of these compounds is 
similar to that of pentachlorophenol and dinitrophenol, which exhibit 
the properties. of class II uncouplers, one may expect that 2,4-D, 2,4-DB, 
2,4,5-T and 2,4-DCP will also exhibit the properties of class II 
uncouplers. In fact, they do. For example: (a) the current-voltage 
curves do not saturate with the applied voltage in the range used, (b) 
the conductivity dependence on the concentration of the compound is 
quadratic instead of linear, and (c) all compounds show a conductivity 
maximum at a pH of the aqueous phase close to their respective pK values. 
Therefore, discussion of the experimental results will be based on the 
dimer transport mechanism proposed to explain the behavior of class II 
uncouplers. Detailed comparison of the experimental results with the 
proposed model is presented in the following section. 
Bl. Kinetic Scheme of Charge Transfer for Class II Uncouplers. 
The kinetic scheme considered by Cohen et al. (39,40) for 
tetrachloro-2-trifluoromethylbenzimidazole (TTFB) and dichlorotrif luoro-
methylbenzimidazole (DTFB), and by Smejtek et al. (24) for pentachloro-
phenol (PCP) is represented in Fig. 24. According to this scheme there 
are two types of membrane permeable species: (a) HA, the neutral molecule 
I 
(aqueous) solution 
'!!!=======:;:HA 
k 
ko rt!:~!: H+ 
HAlllll!•t=====• HA 
Kt.A 
membrane 
aqueous (solution 
Fig. 24. Kinetic scheme of charge transfer. 
-
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of the uncoupler, and (b) HA2, the negatively charged molecular complex 
formed by the combination of the neutral molecule HA with the ionized 
uncoupler molecule A-. In the figure, the right side of the membrane is 
considered to be at a higher potential than the left side. Due to this 
potential difference, there is a net flow of dimers from the left side 
to the right side of the membrane. Consequently, there is a temporary 
excess of dimers on the right interface. Because of their limited life 
time, the dimer complexes dissociate into HA and A ; thus an excess of 
each is produced at the right interface. The excess anions, A-, are 
neutralized by combining with protons from the solution in the right 
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compartment, and the excess neutral molecules, HA, diffuse to the left 
+ -side of the membrane, where they dissociate into H and A • The protons 
are then released into the solution in the left compartment, while the 
anions combine with the undissociated neutral molecules to form dimer 
complexes. The transport cycle is then repeated again. In the course 
of this transport mechanism, a proton from the solution in the right 
compartment is transported across the membrane to the solution in the 
left compartment in the form of a neutral molecule. 
Schematically, the dimer formation is given by: 
HA +A 
m m 
k 
a.,, 
HA2m (3) 
where HAm and Am are the neutral and the ionized molecules on the 
membrane surface, and ka and ka are the rate constants in the forward 
and backward directions respectively. For the transfer of dimer 
molecules across the membrane due to an external applied electric field, 
the equation is given by: 
(4) 
- ' where (HA2)m is the dimer species at the left side of the membrane and 
" (HAl)m is that at the right side of the membrane. For simplicity, the 
rate of transfer will be expressed in terms of the Eyring's model (41), 
in which the membrane is represented as a single potential energy 
barrier at the center of the membrane. Thus, the rate constant for the 
dimer crossing from left to right is: 
K' = K exp(eU/2kT) 
0 
(5) 
and the rate constant for the dimer crossing from right to left is: 
K" = K exp(-eU/2kT) 
0 
(6) 
where e is the electronic charge; U, the applied potential difference; 
and K , the rate constant of the dimer crossing the membrane in both 
0 
directions without any applied voltage. 
To maintain a constant flow of charge across the membrane, a 
heterogeneous recombination-dissociation process is assumed to take 
place at the membrane interface. This means that at the interface 
either protons in the aqueous phase combine with the uncoupler anions 
at the membrane surface, or the neutral molecules dissociate into 
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protons and anions, the anions remaining at the membrane surface and the 
protons going into the solution. For this recombination-dissociation 
process the equation is given by: 
A - + H+ 
m aq 
kD 
HA 
m 
(7) 
The aqueous concentration of protons H+ is kept constant by means of a 
buffer. 
The charge flow from one side of the membrane to the other side 
can be described in terms of the five processes shown in Fig. 24. In 
the following equations, the molecular species at the left side of the 
membrane will be denoted with a single prime (') and those at the right 
side with a double prime ("). 
1. Proton transfer across the left interface with the formation of A • 
m' 
J/F = kD HA' - k H +A-' 
m --R aq m (8) 
2. Formation of the dimer at the left side; 
' -J/F = k HA A 
a m m 
3. Dimer crossing the membrane; 
- ' fl 
J/F = K' HA2m - K" HA2m 
4. Dissociation of the dimer at the right side: 
II _11 
- k HA A 
Cl m m 
5. Proton transfer across the right side; 
II + 
J/F = kR A- H 
m aq 
" 
- k HA D m 
(9) 
(10) 
(11) 
(12) 
_II - f - II 
From Eqs. (5), (6), and (8-12), by eliminating A~, Am, HA2m, HA2m, 
K' and K" the current J is given by: 
2 K Sinh(eU/2kT) 
0 
1 
1 + (- + ka 2K Cosh(eU/2kT) 0 
(13) 
In the process of derivation it has been assumed that the membrane 
permeability to neutral molecules HA is much greater than the 
m 
permeability to dimer HA;m • It has been further assumed that the 
following association-dissociation processes are at equilibrium; that 
is, they are not significantly disturbed by the charge flow across the 
membrane. Therefore, 
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kD 
* 
H+ A-
m 
= Kl = kR HA m 
(14) 
and ~ A HA K2 = m m = k 
HA;m a 
Then the current density is equal to 
* HA2 Kl m Sinh(eU/2kT) 2-- K 
K2 
0 H 
J = F (15) 
K 2 K HA 
1 + 2 ___£_ + 0 m Cosh(eU/2kT) 
ke k2~ H 
The total concentration of the pesticide in the aqueous phase cT, is 
the sum of the concentrations of the anion and the neutral molecules: 
CT = A + HA aq aq (16) 
If y is the distribution coefficient of neutral pesticide mole-
cule between the membrane and the bulk aqueous solution, then the 
concentration of the neutral species in the membrane phase is given by: 
HA = 
m 
y (17) 
where K1 is the dissociation constant of the pesticide HA in the bulk 
aqueous phase. This is partially justified by the observation of 
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maximum conductivity at the pH close to the pK value of the corresponding 
pesticide. 
Substituting Eq. (17) into Eq. (15), we get, 
* 
2 
Kl CT H 
2 Sinh(eU/2kT) 2--y K 
(H + Kl)2 K2 0 
J = F (18) 
K 2yK CT 
1 + 2 __ o_ + 0 Cosh(eU/2kT) 
ka 1tak2 (H + K1) 
Eq. (18) gives the current density through the membrane under the 
applied voltage U. At small voltages, i.e. as U + O, the zero voltage 
conductivity G is equal to: 
2 
J cT H 
G= == G (19) 
u 0 (H + Kl)2 
where 
* Kl eF 
2 G = 2-- y K 2kT 0 K2 0 
Since the conductivity increases with the applied voltage, 
< 1 
Eq. (19) predicts the basic features of class II uncouplers. It 
indicates that the conductivity is proportional to the square of the 
uncoupler concentration, and the maximum conductivity occurs when the 
pH value of the aqueous solution is equal to the pK value of the 
uncoupler. 
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These properties are in partial agreement with the experimental 
results. For 2,4-D, 2,4-DB, and 2,4,5-T the membrane displays highest 
conductivity in the vicinity of the pK value of each pesticide. Above 
the pK value, the conductivity decreases with the decrease of proton 
concentration as predicted from Eq. (19). However, for the pH< pK 
the data do not agree with the above model. At the present time the 
existence of a conductivity plateau in this pH range can not be 
explained. 
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The agreement between the experimental and the theoretical pH 
dependence of conductivity is much better in case of 2,4-DCP (pK = 7.8) 
as shown in Fig. 11. It should be noted that for this compound the 
conductivity plateau at low pH is not well developed. It is possible 
that the data indicate the presence of two different mechanisms .of charge 
transport across the membrane. 
The kinetic model is more satisfactory with regard to the 
concentration dependence of conductivity. For all compounds the 
experimental membrane conductance is very closely proportional to the 
square of the uncoupler concentration. 
Eq. (18) indicates that the membrane behaves as a nonlinear 
circuit element, and the nonlinearity of the current-voltage character-
istics reflects the kinetics of the various processes associated with 
charge transfer across the membrane. 
B2. Analysis of the Current-Voltage Characteristics. 
In this section only the membrane conductivity induced by 2,4-DCP 
is analyzed and the kinetic model tested. As follows from Eq. (18), it 
is to be expected that the voltage dependence of membrane conductance 
is a function of both the pH of the aqueous phase and the pesticide 
concentration. 
The ratio of the membrane conductance at voltage U, g(U), to the 
conductance at 25mV, G(25), denoted by G'(U) is equal to 
G(U) J(U)/U 
G'(U) = -- =---- (20) 
where 
G(25) J(25)/25 
2g ( Sinh ~~~ r ( Sinh ;~T ) (1 + (Q + R H~) Cash ~~~) 
CT eU 
1 + (Q + R H+K ) Cosh 2kT 1 
(21) 
(22) 
CT 
From Eq. (20), the value of Q + R ii+i{ , · denoted as x(cT,H), is 
1 
equal to 
(23) 
12_ (Si h 25e }-1 Si h eU U · n 2kT n 2kT 
·. . 
G' (U) 
. -1 
· eU 25 25e ( · 25e) eU 
.G' (U)Cosh 2kT - U Cosh 2kT Sinh fil . Sinh 2kT 
To test the effect of concentration on the voltage dependence 
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of the membrane conductance, the experimental values of G'(U) are 
compared with the theoretical values G'(U)t reconstructed from 
calculated values of x(cT,H) for given pH. The analysis was carried 
out at pH 9.5 and concentrations of 0.1, 0.25, 0.4, 0.7, and 2mM. The 
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values of x(cT,H) were calculated from Eq. (23) using the experimental 
values of G'(U) for each data point. Since the values of x(cT,H) are 
voltage dependent, the average values x(cT,H) obtained from various 
values of U were used for analysis. The experimental value of G'(U) and 
the theoretical curves are compared in Figs. 25-29. The solid line 
represents the theoretical values of G'(U) calculated from the average 
values of x(cT,H) for the voltages: 50, 75, 100, 125, 150, and 175 mV, 
while the broken line represents the average values for the set of 
higher voltages: 100, 125, 150, and 175 mV. It appears that the broken 
line is better fit to the experimental data. 
To test the kinetic model on the effect of pH on the voltage 
dependence of membrane conductance, the kinetic parameters Q and R 
given in Eqs. (21) and (22) are needed. These values can be obtained 
from the curve of x(cT,H) plotted against the pesticide concentration 
cT. The curve is shown in Fig. 30. In order not to exclude any data 
points, the average values calculated from the voltage range between 
50 and 175 mV were used; although the average values from the high 
voltage range give a better fit to the experimental data of G'(U). The 
-2 
values of Q and R thus obtained are found to be equal to 8.96 x 10 
-7 
and 2.64 x 10 respectively. The test of the kinetic model, using 
these values, was carried out in the following way. 
The normalized conductance G'(U) was calculated from Eq. (20) 
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Figure 25. Comparison of theoretical and experimental voltage 
dependence of membrane conductance for 0.1 mM 2,4-DCP. Solid line 
is the theoretical curve for the normalized conductance predicted 
from Eq. (20), using x averaged for all the voltages. Dashed line 
represents the normalized conductance obtained for x averaged at 
higher voltages (100, 125, 150, and 175 mV.) 
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Figure 26. Comparison of theoretical and experimental voltage 
dependence of membrane conductance for 0.25 mM 2,4-DCP. Solid line 
is the theoretical curve for the normalized conductance predicted 
from Eq. (20), using x averaged for all the voltages. Dashed line 
represents the normalized conductance obtained for x averaged at 
higher voltages (100, 125, 150, and 175 mV.) 
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Figure 27. Comparison of theoretical and experimental voltage 
dependence of membrane conductance for 0.4 mM 2,4-DCP. Solid line 
is the· theoretical curve for the normalized conductance predicted 
from Eq. (20), using x averaged for all the voltages. Dashed line 
represents the normalized conductance obtained for x averaged at 
higher voltages (100, 125, 150, and 175 mV.) 
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Figure 28. Comparison of theoretical and experimental voltage 
dependence of membrane conductance for 0.7 m.~ 2,4-DCP. Solid line 
is the theoretical curve for the normalized conductance predicted 
from Eq. (20), using x averaged for all the voltages. -Dashed line 
represents the normalized conductance obtained for x averaged at 
higher voltages (100• 125, 150. and 175 mV.) 
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Figure 29. Comparison of theoretical and experimental voltage 
dependence of membrane conductance for 2 mM 2,4-DCP. Solid line 
is the theoretical curve for the normalized conductance predicted 
from Eq. (20), using x averaged for all the voltages. Dashed line 
represents the normalized conductance obtained from x averaged at 
higher voltages (100, 125, 150, and 175 mV.) 
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Figure 30. Dependence of x on the concentration of 2,4-DCP. Value of x was obtained by averaging 
x for the voltage range between 50 and 175 mV. x were calculated according to Eq. (23). Error bars 
represent the maximum possible experimental error. 
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00 
with pH as a variable parameter and the concentration cT at 0.4 mM. 
The calculated values are presented in Fig. 31. It appears that the pH 
effect from the kinetic model is opposite to that observed in the 
experiment. According to the model, the membrane conductance is 
expected to be less voltage dependent as the proton concentration in 
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the aqueous phase is decreased. In fact, as the experimental results 
indicate, the conductivity is more voltage dependent as the pH is 
increased.(Figs. 16, 31). The pH effect observed in these experiments 
does not have a simple interpretation. However, it can not be due to 
unstirred layers, since in this case the weakest voltage dependence is to 
be expected at pH 7.5. 
B3. Membrane Surface Charge. 
It has been shown that various substances, either in ionic or 
neutral form, affect the transport of ions across lipid membranes. This 
phenomenon is in some cases due to adsorption of these substances in 
the ionic form on the membrane surface. The presence of membrane 
surface charge has been reported for salicylates (29), uncouplers of 
oxidative phosphorylation such as dinitrophenol (33), and pentachloro-
phenol (24), the fluorescent probe l-anilino-8-napthalene sulphonate 
(ANS), uranyl and thorium ions (31), and chaotropic ions such as 
perchlorate and thiocyanates (32)~ The chlorophenoxy acids and 2,4-DCP 
exist predominantly in the ionic form in an aqueous solution when the 
pH is greater than the pK value of the substance. There is a possibil-
ity that some of the effects described in the present work are 
associated with adsorption of the above compounds on the membrane 
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Figure3L Effect of pH on the voltage dependence of membrane 
conductance normalized at 25 mV. Broken lines represent the 
experimental data. Solid line represents the . theoretical normalized 
conductance calculated from Eq. (20) using Q = 8.96 x lo-2 and R = 
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61 
surface. 
In general, adsorption o.f ions at the membrane surface can result 
in two processes of electrical origin which affect the membrane 
conductivity: (a) creation of a surface charge that changes the density 
of membrane permeable ions at the membrane surface and (b) reorientation 
of dipoles associated with the polar head groups of lipids that affects 
the membrane permeability. 
It will be shown that there is a change of membrane surface 
potential due to the presence of 2,4-D, 2,4-DB, 2,4,5-T, and 2,4-DCP 
in the aqueous phase. In section B3 a., the theory of the ionic double 
layer and the relationship between the surface charge density and the 
surface potential will be discussed, as well as the use of nonactin as a 
probe of the membrane surface potential. In section B3 b., an analysis 
and discussion of the data will be presented. 
B3 a. Theory of Diffuse Double Layer and the Use of Nonactin as a 
Probe for Membrane Surface Potential. 
In· the theory of the double layer proposed by Gouy and Chapman 
(42), the ions are considered as point charges, and the dielectric 
coefficient of the aqueous phase is assumed to be constant and equal to 
the bulk value up to the membrane surface. 
The relationship between the electrical potential and the space 
charge density follows from the Poisson equation: 
d21jl(x) 4 'IT 
dx 2 
= - - p(x) 
e: 
p(x) =E ez1N1 (x) 1 
~(x) is the electrostatic potential; p(x), the charge density; Ni(x), 
the concentration of ions of ~he species i, at a distance x from the 
surface; and ai, the valence of the ionic species i. The distribution 
of ions in the solution in the direction normal to the surface is given 
by 
Is is assumed that at x = ~ the potential is equal to zero. It will be 
shown in the appendix, that in the presence of only one kind of ion of 
valence z, the density of the charge at the membrane surface, a, is 
related to the surface potential w(O), according to: 
l2RTt.c t 
a = \ ~ J Sinh(zF~(0)/2RT) (26) 
where c is the molar concentration of the electrolyte. 
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McLaughlin et al • . (29,30), White (43), MacDonald and Bangham (44), 
have shown that the simple Gouy-Chapman theory adequately describes the 
effect of membrane surface charge and the ionic strength of the aqueous 
phase on the membrane conductivity, capacitance, and the surface 
potential. . 
' The use of nonactin as a probe of membrane surface potential was 
first proposed and tested by McLaughlin (29-_33, 45). It is based on 
the observation that the conductivity of lipid membranes increases in 
the presence of nonactin and small cations in the surrounding solution. 
This effect is due to the formation of membrane permeable 1:1 complex 
between the neutral nonactin molecule and the cation. The density 
+ of the membrane permeable nonactin-K complex at the membrane-water 
interface is expected to be dependent upon the membrane potential; thus 
in the presence of potassium ions, the nonactin-induced membrane 
conductance is given by: 
= G~on-K exp(-F~(O)/RT) (27) 
where F is . the Faraday constant; d, the thickness of the membrane , uis 
the mobility of the charged complex in the membrane; kis' the membrane 
solution partition coefficient [assuming that there is no change in uis 
and kis' due to change in ~(O)] ; .. :Kis' the association constant for the 
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+ formation of the complex; and ~(O), the surface potential, (K) and (NON) 
are the concentrations of potassium and nonactin respectively. As 
follows from Eq. (27), the nonactin-induced conductivity is a function 
of membrane potential. Thus the change of electrostatic potential of 
the membrane surface can be inferred from Eq. (27) . and from the -
measurement of membrane conductance. 
Uncouplers of oxidative phosphorylation, such as dinitrophenol (33) 
and pentachlorophenol (24) have been shown to cause the membrane surface 
to be negatively charged, presumably due to adsorption of the ionized 
form at the membrane surface. Since the compounds investigated in the 
present work are of the same category, a similar effect has been expected 
to take place. 
B3 b. Analysis and Discussion of the Data on Membrane Surface Charge. 
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According to the above hypothesis, the membrane surface can acquire 
a negative surface charge, which would result in the increase of the 
+ density of nonactin-K complex at the interface. Therefore it may be 
expected that in the presence of pesticides, .the nonactin-induced 
conductivity will be increased. Furthermore, this conductivity may 
increase with the increase of pesticide concentration in the system. 
. + The data do show that the nonac tin-K conductivity increases in the 
presence of pesticide.. Thus they are in agreement with .. the hypothe-
sis that the effect is most likely caused by the adsorption of the 
negatively charged form of the pesticide at the membrane surface. 
On the other hand, one might consider the alternative hypothesis, 
that the increase of nonactin conductivity is due to the reorientation 
of dipoles in the polar head group layer in the presence of pesticides. 
For this, one has to assume that the degree of favorable reorientation 
of the dipoles of the polar head group resulting· in facilitation of the 
+ . flow of nonactin-K complex increases with the pesticide concentration. 
Since the dipole reorientation facilitating the transport of positive . 
ions should have a blocking effect with regard to . the negative ions 
(46), one should expect a decrease in the exponent of the concentration 
dependence of the pesticide-induced conducti~ity . However, this was not 
observed (Figs. 12-14); instead, .the exponent of the concentration 
dependence of the · pesticide-induced conductivity was found to be concen-
tration independent. For this reason the first process is most ·likely 
to take place; that is, the increase of nonactin conductivity with 
pesticide concentration .is due to .the presence of a negative surface 
charge on the membrane surface • . If the concentration dependence of both 
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pesticide and nonactin-induced conductivity is to be compatible with 
the dipole layer reorientation process, the pesticide related permeable 
species should be positively charged. This is most unlikely to be the 
case; for if it were so, the membrane permeable species would have to be 
protons! 
In addition, there is a possibility that the membrane potential 
could be changed at a very low or very high pH of the aqueous solution 
because of the presence in the polar head region of a negative phosphate 
group (PO~) and a positive choline group (N+[CH3]3) in the case of 
lecithin. If such were the case, the nonactin-induced membrane conduc-
tivity with or without pesticide would have to show the corresponding 
change, for very low or very high pH. But the experimental results 
(Fig. 18) do no.t indicate any change in surface potential in the pH 
range studied. 
With the assumption that the change of the membrane potential is 
due to the adsorption of negatively charged species on the membrane 
surface, the analysis was carried out in two steps; the surface potential 
due to the adsorption of the charges was evaluated, and the conse-
quences of such adsorption were examined. 
Evaluation of the surface potential was based on Eq. (27) giving 
ljJ(O) equal to: 
RT G~on-K 
ljl(O) = - · log G 
F non-K 
(28) 
where Go K and G K are the nonactin-induced conductivity in the 
non- non-
absence and in the presence of pesticide respectively. The results 
of such analysis are summarized in Fig. 32. The magnitude of the charge 
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Figure 32. Change in the membrane surface potential as a function of the pesticide concentration 
for 2,4-D at pH 2.7; 2,4-DB at pH S.O; 2,4,S-T at pH 2,4; and 2,4-DCP at pH 9.5. ljJ(O) was calculated 
from Eq. (28) using nonactin-K+ complex as a probe for the membrane surface charge. 
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of the surface potential is comparable to, or greater than, that reported 
by McLaughlin for DNP (33), Na salicylate (29), and the chaotropic anions 
(32). 
Let us now consider the class II uncouplers. As shown in the 
preceding section, the membrane conductance . is expected to be propor-
tional to the square of the pesticide concentration. McLaughlin has 
pointed out that the exponent of concentration in the power law express-
ing the relationship between membrane conductance and uncoupler concen-
tration may be different from two if the membrane surface charge changes 
in the presence of uncoupler. Specifically, due to repulsion between 
the negatively charged membrane surface and negatively charged membrane 
permeable species, the conductivity is expected not to increase as much 
with the pesticide concentration as in the case of a surface charge 
free membrane. He proposed to ·use the membrane surface potential ~(O) 
as obtained from the nonactin conductivity measurements (Eq. 28) to 
reconstruct the concentration dependence of pesticide-induced conduc-
tivity corrected for the membrane surface charge. The correction 
consists of multiplication of the .conductance for each point in the 
concentration depende~ce of the pesticide conductivity by the Boltzmann 
factor exp(-e~(O)/kT), where the membrane surface potential is deter-
mined from the increa~e of nonactin conductivity for each point in the 
pesticide concentration dependence of nonactin-induced conductivity. 
Results of such analysis for 2,4-D, 2,4-DB, 2,4,5-T, and 2,4-DCP are 
I 
presented in Tables 2-5, and the reconstructed conductance data are 
shown in Figs. 33-36. The most important feature of the reconstructed 
concentration dependence of pesticide-induced conductivity is that the 
TABLE II 
ANALYSIS OF NONACTIN-2,4-D DATA TO DETERMINE 
MEMBRANE CHARGING AT pH 2. 7 
Concentration G/G0 ij>(O) mV G' mho-cm 2 
of 2,4-i> µM exp (-Fl/J(O) /RT) (x -10) (x 10-5) 
(x 10) 
0.1 0.55 4.35 0.016 
0.15 2.47 8.17 0.023 
0.25 17.5 13.2 0.024 
0.4 . 87.7 .17. 3 0.092 
0. 7 507 21. 7 0.278 
1.0 832 22.9 0.515 
TABLE III 
ANALYSIS OF NONACTIN-2,4-DB DATA TO DETERMINE 
MEMBRANE CHARGING AT pH 5.0 
Concentration G/G0 ij>(O) mV G' mho-cm 2 
of 2,4-DB µM exp(-Fljl(O) /RT) (x -10) (x 10-6) 
(x 10) 
10 0.28 2.632 0. 07 
15 1.03 5.94 0.065 
25 3.14 8. 78 0.0112 
40 10.6 11.91 0.284 
70 43.8 15.5 1.37 
100 89.1 17.3 3.69 
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G* mho-cm 2 
(x 10-4) 
0.009 
0.057 
0.42 
8.03 
140 
428 
G* mho-cm 2 
(x 10-5) 
0.02 
0.067 
0.377 
3.02 
60.2 
328 
G* is the product of the original conductivity (G') and exp(-Fljl(O)/RT) 
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TABLE IV 
ANALYSIS OF NONACTIN-2,4,5-T DATA TO DETERMINE 
MEMBRANE CHARGING AT pH 2.4 
Concentration G/G0 = ljl(O) mV G' mho-cm 2 G* mho-cm 2 
of 2,4,5-T µM exp(-Fljl(O)/RT (x -10) (x 10-6) (x 10-5) 
10 0.157 1.15 0.23 0.036 
15 0.181 1.51 0.33 0.059 
25 0.496 4.08 0.65 0.322 
40 1.17 6.26 2.37 2. 77 
70 2.24 7.92 7 .11 15 . 9 
100 5.21 10.1 12.9 67.0 
TABLE V 
ANALYSIS OF NONACTIN-2,4-DCP DATA TO DETERMINE 
MEMBRANE CHARGING AT pH 9.5 
Concentration G/G0 = ljl(O) mV . G' mho-cm 2 G* mho-cm 2 
of 2,4-DCP µM exp(-Fljl(O)/RT (x -10) (x 10-5) (x 10-4) 
0.1 0.615 4.63 0.003 0.019 
0. 15 0.912 5.63 0.01 0.089 
0.4 4.11 9.46 0.922 3.79 
0.7 6.3 10.5 2.93 18.3 
1.0 9.14 11.5 4.75 43.3 
2.0 12.8 12.8 10.4 158.0 
G* is the product of theoriginal conductivity (G') and exp(-Fljl(O)/RT) 
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Figure 33. Concentration dependence of membrane conductivity 
induced by 2,4-D at pH 2.7. Triangles represent the experimental 
values. Circles represent the reconstructed conductance obtained 
from t~e data shown in Figures 19 and 31, and· from the ·Gouy-Chapman 
double layer theory. 
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Figure 34. Concentration dependence of membrane conductivity 
induced by 2,4-DB at pH 5.0. Triangles represent the experimental 
values. Circles represent the reconstructed conductance obtained . 
from the data shown in Figs. 20 and 31, and from the Gouy-Chapman 
double layer theory. · 
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Figure 35. Concentration dependence of membrane conductivity 
induced by 2,4,5-T at pH 2.4. Traingles represent t he experimental 
values • . Circles represent the reconstructed conductance obtained 
from the data shown in Figures 21 and 31 and from the Gouy-Chapman 
double layer theory~ 
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Figure 36. Concentration dependence of membrane conductivity 
induced by 2,4-DCP at pH 9.5. Triangles represent the experimental 
values. Circles represent the reconstructed conductance obtained 
from the data shown in Figs. 22 and 31, and from the Gouy-Chapman 
double layer theory. · 
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plot of the log of the conductance vs. the log of the pesticide concen-
tration is, in all cases, significantly greater than two. Such a result 
is incompatible with the hypothesis that dimers are the membrane permeable 
species. 
Rather than rejecting the dimer hypothesis, another experiment was 
designed to test the applicability of the double layer theory to the 
membrane pesticide system. It . should be stressed at this point that 
originally there was no apparent need for such tests since the double 
layer theory was tested on lipid bilayers by other aut.hors (29,30,43,44) 
and found adequate. Also, from the experiments with nonactin it was 
+ concluded that the nonactin-K complex is an excellent probe of membrane 
surface charge (45), and the experimental results were found to be 
compatible with the double layer theory as outlined above. 
According to Gouy-Chapman theory of the diffuse double layer the 
relation between the surface potential ~(O) and the surface density a is 
given as 
( 
1r ,~ a 
Sinh(F~(0)/2R1'= 2RTe: ~ (29) 
The above expression is valid for a monovalent electrolyte of molar 
. concentration c. It follows that the surface potential is a function of · 
the density of the surface charge as well as the electrolyte concentration. 
The current understanding is that the surface potential of the membrane, 
which is governed by the electrolyte concentration, will affect the 
+ density of the nonactin-K complex at the membrane surface. This in turn 
will cause a change in the magnitude of the. nonactin-induced conductivity. 
It follows that an increase of electrolyte concentration should create a 
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smaller negative surface potential which would result in a decrease of 
nonactin-K+ conductivity. The experiments were done with concentrations 
of monovalent electrolyte at 0.05 M and 0.5 M. Since the concentration 
of buffer and 2,4-D are considerably below 50 mM the concentration c in 
Eq. (29) is that of the monovalent electrolyte in the first approximation. 
When the electrolyte is changed from low ionic strength to high ionic 
strength, the corresponding change of the membrane surface ·potential and 
the expected change of the nonactin-induced conductivity was calculated 
as follows: 
(a) Membrane surface potential due to adsorbed pesticide at low ionic 
strength (0.05) was calculated using the Eq. (28) from the experi-
mental data. 
(b) The expected surface potential at high ionic strength (0.5) was 
calculated using .Eq. (29), assuming that the surface charge density, 
cr, due to the adsorbed species remains the same. 
(c) The expected nonactin conductivity at high ionic strength (0.5) was 
calculated using Eq. (28) and the expected surface potential. 
The experimental data and theoretical results are .presented in 
Table (6) and compared in Fig. 37. All data correspond to the conductance 
at 25 mV. The disagreement between the experimental results and the theo-
retical predictions based on the Gouy-Chapman theory indicates, in fact, 
that the standard double layer theory is not applicable to the investi-
gated membrane system when the membrane surface charge is produced by 
i oni zed 2,4-D and presumably by other pesticides in this series, as well. 
The findingthat the simple theory of a diffuse double layer fails to 
predi ct the membrane surface potential due to adsorbed organic ions is 
TABLE VI 
ANALYSIS OF THE EXPERIMENTAL DATA FOR THE EFFECT 
OF IONIC STRENGTH OR SURFACE CHARGE 
DUE TO 2,4-D 
Concentration of G/G0 (c • 0.05 M) ip(O) mV (c = 0.05 M) 
2,4-D JJM (x 102) (x -102) 
0.1 0.0593 0.453 
0.15 0.099 0.583 
0.25 0.234 0.802 
0.4 1.83 1.33 
0.7 14.1 1.85 
1.0 59.2 2.21 
Concentration of G/G0 (c = 0.5 M) G*/G0 (c = 0.5 M) 
2,4-D JJM (experimental) 
(x 102) 
(calculated) 
( x 102) 
0.1 0.038 0.019 
0.15 0.071 0.024 
0.25 0.11 0.039 
0.4 1. 74 0.20 
0.7 11. 0 1.43 
1.0 65.3 5.94 
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Figure 37. Effect of ionic strength on nonactin-K+ conductance 
enhanced by 2,4-D. Triangles - membrane conductance at 0.05 M 
KC!. Circles - membrane conductance at 0.05 M KC 1 + 0.45 LiCl. 
The solid line is the expected membrane conductance for o.os ·M 
KC!+ 0.45 M LiCl electrolyte calculated from ' the data for 0.05 M 
KC! and .Gouy-Chapman double layer theory. 
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supported by Boguslavsky's observations. He reported recently (47) that 
the membrane conductance caused by tetrapentylaJIDDOnium ions is independ-
ent of the ionic strength of the electrolyte solution. He proposed a 
model according to which the membrane " surface charge" is located at some 
depth from the membrane surface. The present experimental reuslts seem 
to be in agreement with this hypothesis. If the membrane surface charge 
is indeed located at some depth inside the polar head group layer, it is 
to be expected that a large fraction of the electrostatic potential drop 
will occur within the polar head group region and the inner Helmholtz 
layer. Thus, the remaining potential difference across the diffuse 
double layer can be only a small frac·tion of the total potential 
difference associated with the layer of adsorbed negative charges. Thus 
the variation of the potential across the diffuse double layer caused by 
the change of ionic strength of the aqueous phase can be insignificant, 
and the membrane conductance can be essentially independent of the ionic 
strength of the electrolyte, as observed. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
The present work is concerned with the effect of the following 
pesticides on DC electrical conductivity of lecithin-cholesterol 
membranes: endothall~ paraquat, diquat, 2,4-D, 2,4-DB, 2,4,5-T and 
2,4-DCP. It is found that the ions of endothall, paraquat and diquat 
are membrane impermeable and that they do not bind to the membrane 
surface. In contrast, 2,4-D, 2,4-DB, 2,4,5-T and 2-4-DCP induce 
electrical conductivity in lecithin-cholesterol membranes, and in 
. + 
addition, they cause an increase in nonactin-K membrane conductivity. 
The experimental results on pesticide-induced conductivity were 
compared with those predicted from several models of ion transport across 
membranes. A simple kinetic scheme of trans-membrane charge flow was 
formulated for the dimer model. This was tested for the concentration 
and pH dependence of the pesticide induced conductivity and for the 
effect of the pesticide concentration and pH on the voltage dependence 
of conductivity. It was found that the kinetic scheme satisfactorily 
explains the basic features of the experimental results, such as the 
effect of pesticide concentration on the magnitude of conductance, and 
on the voltage depend~nce of membrane conductance. However, it fails 
to predict the effect of proton concentration on the voltage dependence 
of membrane conductance. 
+ The enh.ancement ,of nonactin-K membrane conductance by the 
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pesticides is presumably due to the adsorption of the ionized form of the 
pesticides at the membrane surface, but the GOuy-Chapman theory was found 
not applicable for the calculation of surface membrane potential due to 
the adsorbed ions. However, the results are compatible with the idea 
that the adsorbed pesticide anions are located at some depth within the 
polar head group layer. 
In order to better understand the process of charge transfer across 
membranes in the presence of these pesticides, an additional set of 
experiments is needed. These are: (a) conductivity measurements at low 
buff er capacities of the aqueous phase in order to elucidate the proton 
transfer mechanism within the membrane-water interface; (b) measurements 
of nonlinearity of current-voltage characteristics as a function of pH 
and pesticide concentration; (c) measurements of the concentration 
dependence of conductivity for wider range of pH values; and (d) current-
relaxation measurements. Further there is a need to analyze alternative 
kinetic models and compare their predictions with the experimental data. 
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APPENDIX 
OUTLINE OF THE DIFFUSE DOUBLE LAYER THEORY 
In the theory of Gouy and Chapman, the ions are considered as point 
charges, and the dielectric constant of the aqueous phase is assumed to 
be constant and equal to the bulk value up .to the membrane surface. 
The relationship between the electrical potential and the space 
charge density follows from the Poisson equation: 
dx2 
where 
p(x) 
4 1T 
'"' - - p(x) 
e: 
= E ez N (x) 
i i i 
(A-1) 
•Cx) is the electrostatic potential; p(x), the space charge density; 
Ni(x), the density of ~ons of the species i at a distance x from the 
surface; and zi' the valence of the ionic species i. The distribution 
of ions in the solution in the directionnormal to the surface is 
given by: 
(A-2) 
In the presence of a symnetrical electrolyte (i.e. z+ = z = z), 
Eq. (A-1) can be reduced to 
86 
411'eZ 
= - -- N( oo) [exp(-ezljl/kT) - exp(ezljl/kT)] 
(A-3) 
Further it is assumed that the charge at the surface (xzO) is 
positive and at infinity (x=oo) , both the electrostatic potential and its 
gradient are equal to zero. 
Eq. (A-3) can be simplified as (A-4) 
d2y 
2 = Sinh y 
dr; 
by the following transformations: 
r; = sx. 
where 
2 2 
8'1l"Z e N ( '"' 
82= -----
EkT 
(A-4) 
(A-5) 
(A-6) 
Using the boundary conditions, Eq. (A-4) can be solved. The 
solution is given by: 
, (:J 4 Sinh2 (y/2) (A-7) 
Since the potential on the membrane surface has been assumed to be 
positive (positive surface charge), the electrostatic potential is 
expected to decrease with increasing distance from the membrane. We 
therefore take the negative square root of the right side of Eq. (A-7), 
and obtain a linear differential equation relating to y and r;. 
dy 
~ = - Sinh(y/2) 
di'; 
(A-8) 
The surface charge of the double layer per unit area a, is equal to 
the negative integral of the space charge density a, from the membrane 
surface to infinity. 
a = -
J CD 
p dx 
0 
(A-9) 
Using the relationship between the space charge . density and the 
surface potential given by Eq. (A-1), we obtain after integrating Eq. 
(A-9) a relationship between the surface charge a and the derivative of 
the surface potential at the membrane surface. 
£ /d"')' 
a= - ~~ x = 0 (A-10) 
From Eq. (A-5), (A-6), and (A-9), by eliminating (d"') , we 
dx x = 0 
get the relationship between the surface charge a and the surface 
potential ljl(O) of the membrane 
/ 2kTeN( co)\~ 
= \ ~ f Sinh(ezljl(0)/2kT) (A-11) a 
After introducing the molar concentration of the electrolyte c 
into Eq. (A-li), .the relationship between the surface charge and the 
· surface potential is given by 
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a 
{2.RT£ct 
., w J Sinh(Fz~(0)/2RT) (A-12) 
where ~(O) is the surface potential; a, the surface charge per unit area; 
£ , the dielectric constant of the aqueous phase; z, the valence of the 
ions; R, the gas constant; F, the Faraday constant and T, the absolute 
temperature. 
